A key question in spinal ultrasonography is: How simple is the procedural skill to acquire? The answer to this research question has important implications for obstetric anaesthesia training programs with regards to resource and time allocation. The limited evidence available suggests that it is difficult to achieve competency in spinal ultrasonography 1 . This finding makes a compelling case for further research in the area of spinal ultrasound skill acquisition.
The aim of this study was to determine the learning curve of spinal ultrasonography after performing standardised step-wise teaching. The objectives were to determine the number of practice scans required to reach competency in three key spinal ultrasonography tasks: the correct identification of a randomly assigned lumbar interspace, the correct measurement of the depth to the posterior complex (ligamentum flavumdura mater complex) and correct skin marking of the needle insertion point.
MATERIAL AND METHODS
We conducted a prospective observational study following approval from the Calvary Health Care Australian Capital Territory Human Research and Ethics Committee (Approval Number: 22-2009). Participants (henceforth referred to as trainees) were anaesthetic registrars at Calvary Hospital with limited experience in spinal ultrasound (six or less previously completed scans). Trainees completed a questionnaire regarding previous experience with procedural and spinal ultrasound prior to enrolment.
Development and validation of a standardised training program
We developed and validated a standardised 10step training program called "the 10 easy steps of performing spinal ultrasound" based on the technique described by Carvalho et al 2 . It was modified to avoid some of the problems commonly encountered while learning the skill, as defined by Margarido et al 1, 3 . An outline of these steps is shown in Appendix 1 (online).
SUMMARY
Spinal ultrasonography is a promising aid for epidural insertion. We aimed to determine the learning curve of spinal ultrasonography tasks and the number of training scans required to reach competency after undergoing standardised step-wise teaching. Trainees were required to complete a minimum of 60 assessed scans on selected non-pregnant models following attendance at two training sessions, with feedback from an expert after each scan. Learning curves were plotted using the non-risk cumulative summation technique and an acceptable failure rate of 20%. Five trainees completed between 65 and 75 scans each. All trainees were competent at identifying a randomly assigned intervertebral space after a median of five scans (range one to nine) and at measuring the depth from skin to the posterior complex after a median of 10 scans (range 1 to 42). Two trainees were competent at marking an ideal needle insertion point after 55 scans, while three trainees did not attain competency. All trainees were competent after 60 scans if the tolerance was changed from five to eight millimetre for marking the needle insertion point. The average time taken to complete a scan was 163 seconds. Our study showed that after a standardised educational intervention, anaesthetic trainees are able to identify a lumbar interlaminar space easily and can measure the depth to the posterior complex after a reasonable number of additional practice scans, but experienced difficulty accurately marking the needle insertion point whilst using spinal ultrasonography. We confirmed that it was hard to achieve competency in all aspects of spinal ultrasonography, based on assessment using our predefined competency criteria.
For ultrasound scanning, the investigators selected non-pregnant models with conclusive lumbar spine sonoanatomy (L5 to S1 to L1 ti L2) in both the para-median sagittal oblique and transverse median views, based on predefined criteria from Borges et al 4 . A conclusive sonogram in the paramedian sagittal oblique view showed an easily identifiable sacrum, lamina, ligamentum flavum and vertebral body, whilst the transverse median interlaminar view included the articular processes, transverse processes, posterior complex and vertebral body. In this view the ligamentum flavum and posterior dura are seldom visible as individual structures and therefore are referred to as the posterior complex 5,6 .
TEACHING AND ASSESSMENT

(i) Teaching
Trainees received standardised teaching prior to assessment. This comprised a 10 minute narrated presentation of "the 10 easy steps of performing spinal ultrasound"(Appendix 1, online), and a 15 minute individual hands-on tutorial based on the same method 3 . Trainees also received a minute of feedback after each scan during their assessment period. Since trainees underwent at least 65 assessed scans (maximum 75 scans), they received a minimum of 65 minutes (maximum 75 minutes) of additional feedback. In total, each trainee received at least 90 minutes (maximum 100 minutes) of teaching. (ii) Individual assessments Trainee assessments were undertaken over two sessions more than two days apart, involving a minimum of 65 timed trials. Trainees were given a maximum of five minutes per trial, with each trial timed, followed by one minute of feedback from an expert.
Using a 2 to 5 MHz, curvilinear ultrasound probe (SonoSite® M-Turbo™, SonoSite FUJI FILM, Sydney, Australia), trainees were assessed on their performance of the following three spinal ultrasound competency tasks:
Identification of a randomly assigned lumbar intervertebral space (L5-S1 to L1-2) in the paramedian sagittal oblique view, marked as correct or incorrect.
Measurement of the depth to the posterior complex in the transverse median interlaminar view, marked as correct or incorrect with a tolerance of 5 mm compared to an expert.
Skin marking of the needle insertion point in the transverse median interlaminar view, marked as correct or incorrect to a tolerance of 5 mm compared to an expert.
Prior to trainee assessment, the non-pregnant models were scanned by the experienced study investigators to reach agreement on the outcomes of the three competency tasks at each assessed lumbar intervertebral level (L5-S1 to L1-2). This included measuring and documenting the depth to the posterior complex, marking the lumbar interlaminar spaces in the paramedian sagittal oblique view and marking the needle insertion point in the transverse median interlaminar view with an ultraviolet (UV) marker pen (Alaverdi Permanent UV Security Marker Pen, fine tip) (Figure 1 A to D) . A large adhesive transparent dressing (Tegaderm™, 3M™, MN, USA) was placed over the invisible marks of the experts to allow marking by the trainee with a black marker (Artline® 700 fine-tip black marker, Kings, Park, NSW, Australia) ( Figure 1E to F). To facilitate accurate skin marking of the needle insertion point in the transverse median interlaminar view, central markings were placed on the long and short sides of the ultrasound transducer by an investigator.
The trainees scanned the same non-pregnant model repeatedly each session (30 to 40 scans per session), with different models used between sessions. The feedback provided to a trainee following each scan was designed to address one to two issues (depending on time and the complexity of the issue) with which they had struggled in the previous scan. In early scans this typically focused on image optimisation in the paramedian sagittal oblique view, identification of the L5-S1 intervertebral space and counting inter-spaces cephalad. An example of early feedback included demonstrating how small sliding and tilting movements can optimise the paramedian sagittal oblique images, including the L5-S1 'gap', improving the ability to count interspaces accurately.
In later scans (when trainees had improved skills) feedback focused principally on image optimisation in the transverse interlaminer view, accurate skin markings corresponding to the short and long sides of the probe and accurate measurement placement of the built-in calipers on the posterior complex to measure depth. An example of later feedback included the expert holding the probe, obtaining an image and noting how small cephalad/caudad tilting and sliding movements with the probe held at right angles to the skin optimised the image of the posterior complex.
The trainee left the room after completing each five scans and the difference between trainee and expert needle insertion point marks was measured with the aid of a UV light ( Figure 1G ). De-identified photographs were taken for documentation of each marked lumbar interspace, showing trainee marks compared to the expert and a scale measured in millimetres. The trainee marks were then removed using a solvent or the transparent dressing was replaced and the trainee invited back to continue their assessment.
We deemed a tolerance of 5 mm between expert and trainee markings to be acceptable for measuring the depth to the posterior complex and marking the insertion point. It has been previously shown that three experts did not exceed 5 mm in difference for these tasks 1 . Prior to the study we set competency for trainees at 80% success.
Statistical analysis
Statistical analysis was performed using Stata 9.2 (2007, Stata Corp LP, College Station, Texas, USA). The non-risk cumulative summation (CUSUM) technique was used as there was a constant risk of failure for an individual ultrasound scan task, given that models were selected from a homogeneous population 7, 8 . The acceptable failure rate was set at 20%, which was similar to other studies that constructed learning curves for basic skills in anaesthetic procedures 1,9 . The basic theory of CUSUM is that of reward or penalty as a function of risk 10 . When the trainee correctly completed the task they were awarded + 0.2 points. However, when the trainee failed to complete a task correctly they were penalised with (1 -0.2)= B A C D -0.8 points. By summing the values of all scans over time, a graph was constructed: X t =max (O,X t-1 +W t ) where t=1,2,3,…scan number, X 0 =0 and W t was the score, reward or penalty, for each trainee 5 . The x-axis represented the scans over time. When charted, a downward CUSUM trend indicated that the observed failure to correctly complete the task was greater than expected, representing a worsening of the process (i.e. not competent). An upward trend indicated the observed failure to correctly complete the task was less than expected (i.e. exceeded competency) and a horizontal trend indicated competency. Since the trends of the CUSUM graph were easily recognisable, the CUSUM curves were constructed without control limits 8 .
We measured mean differences between expert and trainee markings of the needle insertion point and distance to the posterior complex. The calculated mean values for the variables ignored missing values, for example if a trainee did not complete the task within five minutes.
We hypothesised that at least 60 assessment scans would be necessary to determine competency as this is the number required for reaching competency with epidural insertion of a Tuohy needle using the loss of resistance technique 11 . We argued that both techniques were comparable as they have similar technical complexity.
RESULTS
Seven trainees were approached to participate in the study, two were unable to participate on the days of assessment and were therefore excluded. Four of the five trainees who participated were anaesthetic registrars with less than 12 months experience. They had completed between 0 and 70 epidural insertions and their ultrasound experience was principally for vascular access. The fifth trainee had more than 12 months anaesthesia experience, although no previous clinical experience with procedural ultrasound. Seven non-pregnant females volunteered as live models for the study. Five of the seven women screened were deemed to have suitable sono-anatomy as defined by the reference standard 4 . Their ages ranged from 22 to 37 years. All had a body mass index between 19 and 26 and none had undergone previous back surgery.
The number of missing values was relatively small, 23 out of 1400 possible data points (1.6%).
Identification of a computer generated random lumbar interspace
Trainees achieved competency quickly in this task (median number of five scans, range one to nine, Figure 2A ). Ninety seven percent of scans correctly identified the specified randomly assigned interspace (95%, confidence interval 96% to 99%). 99% Measurement of depth to posterior complex Trainees had some difficulty with this task. Competency was achieved with a median number of 10 scans (range 1 to 42, Figure 2B ). Eighty eight percent of scans successfully measured the depth to the inner aspect of the posterior complex within 5 mm of the expert (95% confidence interval 84% to 91%).
Marking of needle insertion point
Trainees had difficulty reaching competency at this task. Two trainees were competent after 55 scans, while three trainees never attained competency ( Figure 2C ). However, the mean distance between trainee and expert marks was 5.17 ± 3.1 mm (mean ± standard deviation) indicating trainees were on average not far from reaching competency at this task. The 95% confidence interval of the same difference was 4.84 to 5.51 mm. All trainees were competent after 60 scans if the tolerance was changed from 5 to 8 mm for marking the insertion point ( Figure 2D ).
Time to completion of all tasks
Scans completed in less than 300 seconds (time at which trainees were stopped) were analysed by simple linear regression and showed that the mean time taken to complete all tasks was 167 ± 66 seconds (range 48 to 300). Scan time decreased by an average of 9.6 seconds per 10 scans (Figure 3 ).
DISCUSSION
Our study demonstrates that after a standardised educational intervention on spinal ultrasonography, anaesthetic trainees were able to identify a lumbar interlaminar space easily, measure the depth to the posterior complex after a reasonable number of additional practice scans, but experienced difficulty accurately marking the needle insertion point. The time taken to perform these tasks was on average less than three minutes.
Interestingly, our findings regarding competency in identifying a random lumbar interspace differ from previously published literature 1, 12 . Margarido et al found that only 27% of participants achieved 80% success in correctly identifying an intervertebral space using ultrasound after a median of 11 attempts (range 8 to 18) while Halpern et al showed two anaesthesiologists required between 22 and 36 attempts to identify a spinous process with 90% accuracy 1, 12 . Our trainees performed much better, with a median number of only five (range one to nine) scans required to reach competency. Possible explanations for the observed differences include using a validated standardised training method, providing more time for trainees to complete tasks (five versus two minutes), emphasising recognition and identification of the L5-S1 interlaminar space prior to counting cephalad, providing focused feedback after each scan and repetitive scanning of a single model 1, 13 .
Another finding of our study was that all trainees were competent at accurately identifying the distance to the epidural space after approximately 40 scans. Although measuring the distance to the epidural space was of importance in the study setting, as it confirmed the recognition of important anatomical structures, the clinical importance of this outcome is contentious. It is therefore imperative to interpret the results of Vallejo et al with caution. They concluded that measuring the depth to the epidural space before performing the epidural insertion decreases the failure rates among first year anaesthesia trainees. However, the consultant who performed the ultrasound assessment of depth also confirmed the midline and the direction for the ultrasound probe that provided the best image of the posterior complex in the transverse approach. This is clinically useful information that could have markedly improved trainee success rates 14 .
Our conclusion that it is hard to obtain competency in marking the needle insertion point, despite repetitively scanning normal weight models, is consistent with the evidence base 1 . There are a number of factors which could have influenced this result. Equipment related elements include the absence of precise indicators on the curvilinear probe to assist marking the skin of the model for the needle insertion point. Although the authors themselves drew indicators on the probe, these may not have correctly indicated the origin of the ultrasound beam and the angle at which it entered the interlaminar space. Patient considerations included the influence of subtle changes in the posture of the model, which could have resulted in the relative movement of the skin mark in relation to the volunteer's spine, potentially increasing the chance of failure. Tissue distortion whilst performing a scan can lead to underestimation of the depth to the epidural space. The CUSUM technique also heavily penalises an incorrect scan outside the predetermined tolerance. For example if the tolerance was changed from 5 to 8 mm for marking the needle insertion point, all trainees were competent after 60 scans (compared to two trainees after 55 scans for a 5 mm tolerance). It is not known what clinical impact, on the success of subsequent needle insertion, various distance tolerances might have.
A limitation of our study is our small sample size of five trainees. This may have contributed to an increased variance in trainee learning curves and reduced the predictability of some outcomes e.g. reaching competency at marking the needle insertion point. However, our sample size is not markedly different from other spinal ultrasound and epidural learning curve studies that have recruited between two and eighteen participants 1, 11, 12, [15] [16] [17] .
Our study also demonstrated the utility of a novel technique, using an invisible UV marker by an expert, to pre-mark the volunteer's back for subsequent illumination with UV light to compare the expert and trainee needle insertion points. No problems were encountered with the UV marker, although one model developed contact dermatitis from repeated removal and reapplication of the adhesive dressing within a short time-span. The dermatitis spontaneously resolved within three days.
CONCLUSION
Our study showed that, after undergoing standardised step-wise teaching, anaesthetic trainees were able to identify a lumbar interlaminar space easily and measure the depth to the posterior complex after a reasonable number of additional practice scans, but experienced difficulty accurately marking the needle insertion point using spinal ultrasonography. We were unable to determine the precise number of scans most trainees would need to complete to reach competency in identifying the needle insertion point. The study confirms that it is difficult to rapidly achieve competency in all aspects of spinal ultrasonography. Our data could potentially be useful in planning a larger, observational study in order to better define the spinal ultrasound learning curve.
